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The interactions of nucleic acid bases with non-coordinated and coordinated water molecules were studied by analyzing data in the Protein Data Bank (PDB) and by quantum chemical calculations. The analysis of the data in the crystal structures from the PDB indicates that hydrogen bonds involving oxygen or nitrogen atoms of nucleic acid bases and water molecules are shorter when water is bonded to a metal ion. These results are in agreement with the quantum chemical calculations on geometries and interaction energies of hydrogen bonds; the calculations on model systems show that hydrogen bonds of nucleic acid bases with water bonded to a metal ion are stronger than hydrogen bonds with non-coordinated water. These calculated values are similar to the strength of hydrogen bonds between nucleic acid bases. The results presented in this paper may be relevant to understand the role of water molecules and metal ions in the process of replication and stabilization of nucleic acids and also to understand the possible toxicity of metal ion interactions with nucleic acids.
Introduction
Hydrogen bonds can be formed between nucleic acid bases and free water molecules, and between nucleic acid bases and water molecules coordinated to metal ions. There is also a direct coordination of oxygen or nitrogen atoms of nucleic acid bases to a metal ion. The water molecule is the most abundant biological molecule and plays a unique role in a variety of biochemical processes. The small size and high polarity of water are crucial for its complex behavior.
Water molecules are crucial for DNA stability, because the helical form is not stable in the gas phase or in a non-polar solvent (Arcella et al., 2015; Rueda et al., 2003) . In biological systems, hydrogen bonds are important for regular base pairing in DNA, accurate replication, the process of transcription and generally for the formation of the secondary structure of biopolymers (Voet et al., 2013) . Moreover, through hydrogen bonding, base pairs can interact with the surroundings (i.e. with metal ions and solvent). In the past few decades, a large number of quantum chemical studies of noncovalent interactions between constituents of DNA and RNA have been performed (Acosta-Silva et al., 2010; Leszczynski, 2002; Gil et al., 2009; Guerra & Bickelhaupt, 2002; Hobza & Š poner, 1999; Jurecka & Hobza, 2003; Quinn et al., 2007; Š poner et al., 2004; Š poner et al., 2001) . The calculated interaction energies for various base pairs in the gas phase span from À5 to À47 kcal mol À1 (Š poner et al., 2004) . The tautomeric equilibrium of the nucleic acid bases is strongly ISSN 2052-5206 # 2019 International Union of Crystallography influenced by the solvent and the spatial arrangement of nucleic acid bases in base pairs is also influenced by the solvent (Kabelá č & Hobza, 2007) . These results provide clear evidence that the prevalence of either stacked or hydrogenbonded structures of the base pairs is determined by including specific interactions of the base pair with a number of solvent molecules. Water molecules can mediate interactions between DNA and ligands or proteins through hydrogen bonds (Morá vek et al., 2001; Naughton et al., 2014; Shaytan et al., 2016) .
Interactions between divalent metal cations and nucleic acids have also been the subject of intense research due to their significance for DNA replication and transcription, and metabolic processes (Wu & Davey, 2010; Boerner & Zaleski, 2005; Hsu et al., 2012; Rulíšek & Š poner, 2003; Yurenko et al., 2014; Zambelli et al., 2012) . Metal ions can bind directly to nucleic acid bases via the oxygen or nitrogen atoms of the bases; however, an interaction can be indirect, via hydrogen bonding of the water molecules that are coordinated to the metal ions (Anastassopoulou, 2003; Gresh & Š poner, 1999; Mandal et al., 2015; Muñ oz et al., 2001; Scharf & Mü ller, 2013; Yamaguchi et al., 2014) . Cations are known to stabilize RNA structures. Molecular dynamics simulations revealed that Na + and Mg 2+ ions bind to nucleic acid bases nitrogen and oxygen atoms in RNA polymers (Fischer et al., 2018) at distances very close to those previously resolved crystallographically. The estimated Gibbs energy of activation for hydrogen bond breaking between RNA atoms and hydrated ions is between 2.4 and 6.2 kJ mol À1 for different RNA atoms. In order to detect heavy metals, the interactions of water molecules (that are coordinated to a metal) with nucleic acid bases are used Zhan et al., 2016) . Artificial short single-stranded DNA, RNA sequences or peptide molecules can fold into specific secondary and tertiary structures by interacting with certain heavy metal targets with extremely high specificity. It is believed that hydrogen bonds amongst other interactions play a significant role in enabling and stabilizing those structures (Zhan et al., 2016) .
In our previous work we have investigated, using quantum chemical methods and through a Cambridge Structural Database (CSD; Groom et al., 2016) search, the influence of metal ion on water hydrogen bonds (Andrić et al., 2012 (Andrić et al., , 2016 . Both data from the crystal structures and results of quantum chemical calculations indicated that hydrogen bonds of coordinated water are stronger than those between non-coordinated water molecules. Positively charged complexes form quite strong hydrogen bonds, the hydrogen bond energy for the [Zn(H 2 
2+ complex is À24.0 kcal mol À1 , which is several times stronger than the hydrogen bond between noncoordinated water molecules (À4.77 kcal mol À1 ) (Andrić et al., 2016) . Similarly, interaction of coordinated water with benzene is stronger than with non-coordinated water (Vojislavljević et al., 2013; Vojislavljević-Vasilev et al., 2014) .
In this work, we present an analysis of hydrogen bonds between non-coordinated water molecules or between water molecules coordinated to metal ions as hydrogen-bond donor, and oxygen or nitrogen atoms of nucleic acid bases (adenine, guanine, cytosine, thymine and uracil) as hydrogen-bond acceptors. The results are based on analysis of the data in the Protein Data Bank (PDB; Burley et al., 2017) and on quantum chemical calculations.
Materials and methods

PDB search
By conducting a structural databases survey, significant insights into molecular structure and interactions can be achieved (Milovanović et al., 2018; Janjić et al., 2013; Sredojević et al., 2012; Groom et al., 2016; Majerz & Dziembowska, 2018; Grothe et al., 2017) .
The statistical study in this paper was based on the crystal structures archived (as of January 2017) in the Protein Data Bank (Berman et al., 2000) . A search was performed to obtain the crystal structures containing nucleic acid bases with water in proximity. Structures determined by NMR have not been included in the analysis because water molecules are not resolved by NMR spectroscopy. Hydrogen atoms were not added computationally to the crystal structures as the polar hydrogen position is not determined reliably, but we assumed a hydrogen bond wherever two oxygen atoms or a nitrogen and an oxygen atom are close, as explained below. A Python (http://www.python.org) script written by our group with MDAnalysis library (Michaud-Agrawal et al., 2011) was used to retrieve X-ray structures with resolution better than 2.50 Å and |R free À R work | not higher than 0.05, and to screen these structures for intermolecular hydrogen bonds between nucleic acid bases and water molecules, which yielded 2 402 structures. VMD (Humphrey et al., 1996) software was used for visualization and creating the figures. The set of structures with high resolution ( 1.00 Å ) was shown to give the same tendency for the distance between the donor and acceptor atoms (d) (see 4.0 Å showed that the distribution maximum is below 3.4 Å . In the case of coordinated water, the coordination was detected in the LINK remarks in the PDB files. In the case of noncoordinated water, in order to assure that water molecules in the metal-containing files are not coordinated, only the LINKcontaining files were taken into consideration.
We have also searched for the direct bond between nucleic acid bases and metal ions in order to probe their importance and frequency. These bonds were also detected in the LINK remarks in the PDB files.
Quantum chemical calculations
In order to evaluate the energies of hydrogen bonds between the water molecule as a hydrogen-bond donor and different hydrogen-bond acceptors in the nucleic acid base (nitrogen or oxygen atoms), we constructed model systems in a way that the hydrogen bonds are linear, and, in order to minimize additional interactions between water molecules and the nucleic acid base, all model systems had angles between the planes of interacting base and water molecules of 90
. All calculations were performed using the Gaussian09 (Frisch et al., 2009) program. The geometries of monomers (water molecule, nucleic acid bases and hexaaqua complexes) were fully optimized at B3LYP level and 6-31G** basis set for nonmetal atoms (C, H, O, N) while for metal atom (Na, Mg) LanL2DZ was used. The calculations of interaction energy were performed at B3LYP-D3/def2-TZVP level by keeping the monomer geometries rigid and varying the d (d ON or d OO ) distances, to find the distance with the most negative energy, i.e. strongest interaction. The B3LYP-D3/def2-TZVP method was used because it gives results that are in good agreement with the very accurate CCSD(T)/CBS level (see Table S1 ). All energies calculated at B3LYP-D3/def2-TZVP level were corrected for the basis set superposition error (BSSE). Interaction energies of hydrogen bonds were calculated for different nucleic acid base positions presented in Fig. 2 . The interaction energy, ÁE, is defined as the difference between the energy of hydrogen bonded system and the sum of the energies of the nucleic acid base and non-coordinated water or the nucleic acid base and metal complex with coordinated water molecules.
We have also performed calculations on model systems made from data in the PDB crystal structures with high resolution ( 1.00 Å ). All atoms in the structures except the H atoms of water molecules had coordinates crystallographically determined. Water H atoms were added computationally by defining the H-O distance as 1.00 Å and the H-O-H angle as 109.01
, and choosing the water plane arbitrarily. Nucleic acid bases were patched with hydrogen at 0.86 Å at the direction of the bond attaching it to the sugar unit in DNA. The energy calculation procedure is the same as for the constructed model systems above, but only the water hydrogen coordinates were optimized and without varying the
Results
Analysis of the data from the PDB
Using the criteria outlined in Section 2.1, 402 PDB structures were found with 115 198 and 4623 hydrogen bonds between nucleic acid base and non-coordinated and coordinated water, respectively, where water oxygen is a hydrogen donor while oxygen and nitrogen atoms of nucleic acid bases are acceptors (Fig. 2) . The results of the statistical analysis show that the distance d distribution peak is in the range 2.8-2.9 Å for the non-coordinated water. The geometries of nucleic acid bases and their interaction sites (the labeled oxygen and nitrogen atoms). water the distance d distribution peak is in the range 2.7-2.8 Å (Fig. 3) . The shorter bonds for coordinated water indicate stronger hydrogen bonds of coordinated water. The same tendency was found in water-water hydrogen bonds of coordinated and non-coordinated water molecules (Andrić et al., 2012 (Andrić et al., , 2016 .
Water molecules participating in hydrogen bonds with nucleic acid bases can be coordinated to various metals. The numbers of hydrogen bonds for different kinds of metals are presented in Table 1 . The most frequent metals are Mg, Sr, Na and Ca with fractions of 47.8%, 19.2%, 11.9% and 9.6%, respectively. In a certain number of structures, metal ions are surrounded only by water molecules forming [M(H 2 O) n ] x+ complexes. The number and percentage of these complexes in the total number of interactions are given in Table S3 . The significant presence of [M(H 2 O) n ] x+ complexes in the PDB structures gave us the foundations for using aqua-complex model systems in the quantum-chemical calculations below. the tendency towards a hydrogen bond length of 2.7-2.8 Å is independent of the metal type or charge of the aqua complex. The distance d distribution peak in the range 2.7-2.8 Å for aqua complexes,
, is in agreement with the data for all interactions of coordinated water (Fig. 3) . The only exception is for the Na complex, where the distance distribution has a peak at 2.7-3.0 Å . This could be connected with the charge of Na; it is one of a few metals with a single positive charge, and one can anticipate that less positive charge causes less strong interactions. The data from calculations in this manuscript confirm it ( Table 2) .
The frequency of interactions corresponding to different nucleic acid bases and positions are shown in Fig. S1 . The data indicate that for most of the positions of nucleic acid bases (Fig. 2) coordinated water forms shorter hydrogen bonds.
In the case of nucleic-acid-base-coordinated water interactions, we have also determined the number of hydrogen bonds in every metal-nucleic acid base pair. There are 704 out of 3669 (19.2%) metal-nucleic acid base pairs with more than one water oxygen atom with a distance d of less than 3.4 Å to the oxygen or nitrogen atom of a nucleic acid base. There are mostly two hydrogen bonds per each pair. Hydrated Mg and Sr centers are the most prone to form multiple hydrogen bonds with nucleic acid bases.
To check the importance of hydrogen bonds of coordinated water for protein-DNA contacts, we searched for these contacts as well. We found 176 interactions where protein residues are either coordinated directly to the metal or interact via a hydrogen bond with the coordinated water (Fig. 5) , which points out that hydrated metal ions can intermediate protein-DNA contacts.
A search for a direct bond between nucleic acid base oxygen or nitrogen and a metal ion gave 3398 interactions, which is 1.4 times fewer interactions than the number of interactions where the water molecule is between metal and nucleic acid base (Table 1) . Metals with the largest number of the direct interactions with a nucleic acid base are Na (30.4%), K (21.4%), Sr (16.5%), Mg (11.8%) and Mn (6.4%). Singlecharged metals ions, Na + and K + , have a larger tendency to form direct bonds with nucleic acid bases than double-charged metal ions; while some of the double-charged metal ions form a larger number of interactions with nucleic acids via coordinated water molecules (Table 1) .
Results from quantum chemical calculations
The hydrogen bonds between hydrogen-bond donors (noncoordinated and coordinated water molecules) and oxygen or nitrogen atoms of five nucleic acid bases as hydrogen-bond acceptors were studied using two types of model systems. The constructed model systems are shown in Figs. 6, 7, 8 and 9 and the model systems based on high-resolution crystal structures are shown in Fig. 10 .
In the case of the constructed model systems (Fig. 6) complex. Using model systems with hexaaqua-metal complexes is justified because in a significant number of the interactions found in the PDB, metals are surrounded exclusively by water molecules (Table S3) .
As it can be anticipated, the calculated interaction energies of hydrogen bonds show that the interaction is stronger for the systems with coordinated water molecules than for noncoordinated water molecules. In the case of non-coordinated water, the sites with the nitrogen atom as the hydrogen-bond acceptor have more negative interaction energies than the sites with the oxygen atom ( Table 2 ). The electrostatic potential maps of nucleic acid bases (Fig. S2) can explain stronger interactions of nitrogen sites. In some cases, nitrogen sites have stronger potentials than oxygen sites, while in the cases with somewhat lower potentials, nitrogen sites are surrounded with positive potentials that enable additional attractive interactions with water oxygen. For the coordinated water, some of oxygen acceptors have stronger interactions than the nitrogen acceptors. This can be explained sterically; oxygen atoms are positioned out of the nucleic acid base ring, they are exposed towards water and thus there is no repulsion between other water ligands and nucleic acid base hydrogen atoms in the vicinity.
As a consequence of the difference in secondary interactions, one can notice that the trend in interaction energies for different sites is not the same for coordinated and non-coordinated water ( } is the same for all nucleic acid bases except for cytosine where it differs slightly (Table 2) .
For the adenine/water model system, the non-coordinated water molecule has the strongest interaction at site N7 (À8.69 kcal mol À1 ) due to additional interactions with the -NH 2 group (Fig. 7) }, the interaction in the adenine/water system is the strongest at site N1 (À12.18 and À28.60 kcal mol À1 , respectively) and the weakest at site N7 (À10.10 and À22.81 kcal mol À1 , respectively). This result can be a consequence of repulsive interaction between hydrogens of coordinated water molecules and the -NH 2 group at site N7 (Fig. 7) .
In the case of the guanine/water model system, the noncoordinated water molecule has the strongest interaction at site N3 (À7.50 kcal mol , respectively) and the weakest at site N3 (À6.66 and À12.94 kcal mol À1 , respectively). One reason for such a trend can be secondary interactions at site N7 for coordinated water molecules that provide additional stabilization and a much more negative ÁE value (Fig. 8) . The calculations for the thymine/water model system show that for non-coordinated water molecules, the interaction is somewhat weaker at site O2 (À4.73 kcal mol
À1
) than site O4 (À5.12 kcal mol À1 ). For coordinated water molecules, for both metal complexes, [Na(H 2 O) 6 ] + and [Mg(H 2 O) 6 ] 2+ , the stronger interaction is at the site O4 (Table 2) .
The calculations for the cytosine/water model system show that the interaction energies at sites O2 and N3 differ by 1-2 kcal mol À1 due to an additional hydrogen bond at site N3 The geometry of guanine and coordinated water molecule at interaction site N3 (a), O6 (b) and N7 (c). Hydrogen bonds represented in dashed lines and hydrogen-acceptor distances are given for both Na and Mg complexes.
Figure 9
The geometries of cytosine and coordinated water molecule at interaction site O2 (a) and N3 (b). Hydrogen bonds are represented by dashed lines and hydrogen-acceptor distances are given for both Na and Mg complexes.
Figure 7
The geometry of adenine and non-coordinated (a) and coordinated (b) water molecules at interaction site N7. Hydrogen bonds represented as dashed lines and hydrogen-acceptor distances are given for noncoordinated water and Na and Mg complexes.
( Fig. 9) }, interaction energies at sites O2 and O4 show somewhat larger differences ( Table 2 ). The oxygen atom O2 is bound to the carbon atom that is placed between two nitrogen atoms with strong electron withdrawing effects, while oxygen O4 atom is bound to the carbon atom that has just one nitrogen atom in its vicinity. Considering this fact, the oxygen atom at site O2 is less negative than the oxygen atom at site O4 and has smaller interaction energies. Calculated electrostatic potentials on the van der Waals surface of the oxygen atoms radially from the ring center are À38.51 kcal mol À1 e
À1
at site O2 and À45.15 kcal mol À1 e À1 at site O4 (Fig. S2) . The difference in the electrostatic potential of O2 and O4 atoms has a larger influence on the calculated energies if donor hydrogen has a larger positive charge, as it is the case with coordinated water. Namely, electrostatic potential on the hydrogen atom increases from non-coordinated water, to [Na(H 2 2+ and the trend of interaction energies are the same for both complexes (Table S2 ). These data can indicate similar behavior of the two metals in aqua complexes.
In the case of the model systems made from data in PDB crystal structures with high resolution (Fig. 10) , the calculated interactions energies (Table 3) are similar to the energies of constructed model systems (Table 2) ; for each particular base site the difference in calculated energies is less than 2.0 kcal mol
. Also, the distances between water oxygen and oxygen or nitrogen of the nucleic acid base (distance d) are not very different (Tables 2 and 3) . However, the structures in
Figs. 6-9 on one side, and structures in Fig. 10 , on the other side, show that the positions of the water molecules are quite different in the two types of model systems. While in the constructed model systems (Figs. 6-9 ), water oxygen is in the plane of the base and the plane of the water molecule is perpendicular to the plane of the base, in the crystal structures water molecule can have different positions (Fig. 10) as a consequence of the surrounding in the crystal structures. The difference in the water molecule position causes the difference in the calculated interactions energies in Tables 2 and 3 . One can notice that most of the calculated interactions in Table 3 are stronger than corresponding calculated interactions in Table 2 . It is very important that, while the interactions of noncoordinated water molecules are in range from À5.05 to À8.11 kcal mol À1 , the interaction of coordinated water is much stronger, À21.91 kcal mol À1 (Table 3) The geometries of nucleic acid bases taken from crystal structures (labeled names, Table 3 ). Hydrogen bonds are represented by dashed lines with the hydrogen-acceptor distances given. difference in interaction energies of coordinated and noncoordinated water molecules in the PDB structures that is in the agreement with the data in Table 2 .
Discussion
Nucleic acid crystal structures published in PDB have been thoroughly analyzed for the hydrogen bonds with water molecule. The distribution of the hydrogen-bond donoracceptor distance d shows peak at 2.8-2.9 Å for the noncoordinated water and at 2.7-2.8 Å for the coordinated water molecule (Fig. 3) . This distribution indicates that the hydrogen bonds of coordinated water are stronger. The bond distance calculated at B3LYP-D3/def2-TZVP level are in agreement with the data obtained from the PDB search: the hydrogen bond distances are shorter for coordinated water. The calculated d distances (d ON or d OO ) for all the nucleotide base models are in the range 2.9-3.0 Å for non-coordinated water, and 2.6-2.9 Å for coordinated water ( Table 2 ). The search also showed that some of the double charged metal ions tend more to bind nucleic acid bases through water molecules than directly by coordination with O or N atoms of nucleic acid bases to a metal ion (Table 1) . It is in accordance with previous results of the PDB survey on Mg 2+ to RNA binding sites (Zheng et al., 2015) . The previous results showed that the frequency of direct coordination is lower than the frequency of hydrogen bonds of coordinated water molecules for all the nucleic acid bases and positions (Zheng et al., 2015) .
The calculated hydrogen bond energies, at B3LYP-D3/def2-TZVP level, with different nucleic acid bases, for coordinated water of hexaaqua complexes (À6.66 to À49.96 kcal mol À1 ) are several times stronger than the hydrogen-bond energies for non-coordinated water-nucleic acid bases (À4.63 to À8.69 kcal mol À1 ) (Tables 2 and 3) ions interacting with nucleic acid bases (Table 1) and hydrogen bonds are stronger compared with the interactions involving Na + (Table 2) . A general conclusion of the previous work (Fischer et al., 2018) is that Mg 2+ is found to conserve the experimental structure better than Na + and, where experimental ion positions are available, they can be reproduced with reasonable accuracy. Better conservation of experimental structures in the presence of Mg 2+ could be related to higher interaction energies calculated in our study (Table 2) .
Our calculated energies for the interactions between coordinated/non-coordinated water molecules and nucleic acid bases have similar strength to the hydrogen bonds between nucleic acid bases calculated in the gas phase (À5 to À47 kcal mol À1 ) (Š poner et al., 2004) . These results may be relevant to understand the role of water molecules and metal ions in the process of replication of nucleic acids as well as their stabilization. Also, as the interaction energies with metals are significant and can compete with the hydrogen bonding energies of the base pairs, it indicates potential toxicity of metal ions. This is in agreement with previous research finding that the deterioration of biological macromolecules is primarily due to binding of metals to the DNA and nuclear proteins (Jaishankar et al., 2014) .
Funding information
This work was supported by the Serbian Ministry of Education, Science and Technological Development (grant 172065).
